High-level expression and efficient assembly of hepatitis B surface Antigen (HBsAg) has been reported in
Pichia pastoris by integrating a single copy of the
HBsAg gene under control of the AOXI promoter. To fully utilize the expression· potential of the P. pastoris expression system, we investigated the influence of gene copy number on the expression of HBsAg in this yeast. A panel of Pichia clones carrying progressively increasing copies of the heterologous gene expression cassette was created using an in vitro multimerization approach. Using this strategy, constructs containing up to a maximum of eight direct repeats of the HBsAgeXpressing cassettes could be created. These expression cassettes were targeted for integration into the genome of the host strain GS115 with simultaneous elimination of the resident AOXI gene. Deletion of the AOXI gene was intended to create Mut a (methanol utilization slow) transformants that are known to have an increased ability to generate HBsAg in particulate . form. A systematic investigation of the resultant clones demonstrated that the increase in copy number results in a proportional elevation in the steady-state levels of the HBsAg-specific mRNA, which in turn is closely paralleled by a corresponding increase in the total levels of the HBsAg .protein. Virtually all the recombinant protein in the soluble fraction was present in the particulate form based on particle-specific ELISA and sedimentation behavior. Further, our studies also revealed the continued physical and functional integrity of the HBsAg-expressing cassettes during the course of an extended induction phase spanning 6 days. Hepatitis B is a serious health problem as more than 2 billion people worldwide have a history of this infec-tion and there are -350 million chronic carriers (1) . As there is no effective treatment for hepatitis B (2), a preventive vaccine is the only method available for its control. The surface antigen of hepatitis B virus (HBsAg)l is the primary component of vaccines against hepatitis B virus infection (3) . To be immunogenic, the HBsAg polypeptide must assemble into particles of -20-22 nm diameter (4). HBsAg particle assembly does not appear to occur in E. coli-based expression systems (5) (6) (7) . Commercially available recombinant hepatitis B vaccine produced in Saccharomyces cerevisiae. is quite expensive, especially due' to the lower expression levels of HBsAg (8) . The high cost of the recombinant vaccine is the single most important factor preventing its inclusion in the Expanded Program on Immunization of developing countries for mass immunization. Higher expression levels may cut down the production cost of this vaccine.
In recent years, the methylotrophic yeast Pichia pastoris has emerged as a powerful and inexpensive heterologous system for the production of high levels of functionally active recombinant proteins (9-11). As a yeast, it is a unique system in that it combines the advantages of both prokaryotic (high expression levels, easy scale-up, inexpensive growth media) and eukary-. otic (capacity to carry out most ofthe posttranslational modifications characteristic of higher eukaryotes) expression systems (12) . From an expression perspective, the existence of well-established fermentation methods that can generate very high cell densities using purely defined media (13) and the strong, tightly regulated methanol-inducible alcohol oxidase (AOX1) promoter 'jo(4);make Pichia a very good alternate host for heter-\ ologous protein expression. The AOXl message and "rprotein are virtually undetectable in cells cultured on , carbon sources such as glycerol (15) . Substitution of : methanol as the sole carbon source in the growth me-,dium leads to extensive transcription from the AOXl -,pr:omoter, resulting in the accumulation ofAOXl protein to levels as high as 30% of total soluble cellular protein (16) . Foreign genes cloned under the control of the AOXlpromo!~r can be maintained in an "expression off' mode .o:Q.". nonmethanolic carbon sources (without significanfselection for mutants defective in heterologous gene expression) and "switched on" effi-"ciently by shifting to" methanol (9) . In view of this, it · w~uld be advantageous to develop Pichia as an inex-. pensive expression system for the production of hepa-· this B vaccine in large quantities.
' .. Cregg et al. (17) showed that a mutant strain of · Pichia that lacks the AOX1 coding sequences can be , tl,sed for the AOXl promoter-driven expression of high , ievels ofHBsAg, all of which assemble into particles of -20-22 nm, similar to those observed in hepatitis B virus-infected human serum. In many instances, expression levels of recombinant proteins in Pichia have !p~en enhanced dramatically by utilizing multicopy Jransformants. By integrating >20 copies of the expression cassette containing the gene for tumor necro-"sis factor (TNF) a 200-fold increase in the expression .,yield ofTNF has been reported (18) . Other examples of ,high-level expression resulting from multicopy integration include tetanus toxin fragment C (14 copies), 6-fold increase (19) ; murine epidermal growth factor , (19 copies), 13-fold increase (20) ; aprotinin (5 copies), , 7-fold increase (21); and insulin-like growth factor-1 (6 . copies), 5-fold increase (22) . However, this is not a ,universal effect. The effect of copy number on recom-J }binant protein expression levels is unpredictable as ,shown by Thill et al. (21) . They demonstrated that , increasing the copy number of the expression cassettes .' :could have both positive and negative effects for differ-· ... ent proteins (21) . For intracellular expression ofrecom-,binant proteins such as HBsAg in Pichia, the vector copy number is a critical determinant factor affecting protein yield. However, there is no information in the literature regarding the influence of copy number on the expression levels of HBsAg. In order to exploit the '-"full expression potential of Pichia, it is first necessary 'to achieve the maximum possible levels of expression of recombinant HBsAg in this system. Therefore, we investigated the effect of copy number on the expression . . of HBsAg in Pichia. To avoid the laborious process of --testing each potential expression strain in a fermentor ' " culture, we took advantage of the simple shake-flask ·'·culture conditions developed by Barr et al. (23) that result .in product levels that more closely reflect those .~-expected from a fermentor. The specific objectives of this study were to (i) create and characterize a series of Pichia transformants harboring progressively increasing copies of the HBsAg gene, (ii) determine the influence of copy number on the expression levels ofHBsAg, (iii) determine whether the HBsAg was efficiently assembled into particles, and (iv) assess the stability and functional status of the integrated expression cassettes.
MA~ AND METHODS

Strains and Vectors
The P. pastoris host strain used in this study to generate the HBsAg expressing transformants was GS115 (his4). This is a histidine requiring auxotroph . The parent plasmid, which was used in the construction of the HBsAg expression vectors was pA0815. This plasmid contains the AOXl promoter and transcription termination sequences (5' AOX and 3' AOX IT, respectively) separated by a unique EcoRI restriction site for insertion of foreign gene of interest. It also contains a wild type copy of the histidinol dehydrogenase (HIS4) gene necessary for selection of Pichia transformants. Both GS115 (his4) and pA0815 were purchased from Invitrogen.
Pichia Transformation
Electrocompetent GS115 cells (80 J-Ll) prepared from a culture growing in log phase were mixed with 5-20 J-Lg of BglII linearized HBsAg expression plasmid in a 0.2-cm electroporation cuvette. The cells were pulsed for -10 ms with a field strength of -7500 Vlcm using a Bio-Rad GenePulser. Transformants harboring the plasmid-borne HIS4 marker were selected on minimal plates lacking histidine and screened for Mut+/Mut S phenotype as described below.
Screening for Mut+ IMut
S Transformants Transformants were patched on minimal methanol and minimal dextrose plates and scored after incubating at 30°C for 2 days. GS1l5/His +Mut" Albumin and GS1151His+Mut+ {3-gal were included in each plate as controls for Mute and Mue phenotypes, respectively.
Shake Flask Culture
Cultures of 50 ml were grown in 500-ml baffied flasks in buffered minimal glycerol (BMG) medium [100 mM phosphate buffer, pH 6, 1.34% (w/v) yeast nitrogen base, 1% (vlv) glycerol] at 30°C with shaking (300 rpm). Cells were maintained at a density of or below 2 (OD at 600 nm) by periodic dilution with fresh medium. Cells were induced with 1% methanol. This was done by replacing the BMG medium with buffered minimal methanol medium [100 mM phosphate buffer, 
Time Course Experiments
Pichia transformants containing one, four, and eight copies of the HBsAg expression cassette were used in these studies. Cultures of 250 ml were grown in 2-L baffled flasks in BMG medium as described above. Induction was initiated with 1% methanol at a cell density correspondiiigto an absorbance of 2 at 600 nm. Thereafter, methanol was added every 24 h to a final concentration of 1% for a total period of 6 days. During the course of this 6~day induction, aliquots were withdrawn for Southern and Western analysis.
Preparation of Soluble and Total Cell Extracts
Aliquots of cells corresponding to 100 absorbance units were transferred to borosilicate tubes, pelleted by low-speed centrifugation (6000 rpm, 5-10 min), and washed with 1 ml sorbitol buffer containing 100 mM EDTA and 14 mM ,B-mercaptoethanol (,B-ME). Washed cells were resuspended in 0.5 ml of the same buffer containing 2 /Lg Zymolase 20T (US Biologicals). This was incubated at 30°C for 30 min and spheroplasts spun down at 4000 rpm for 8 min. The resultant pellet was resuspended in 0.5 ml lysis buffer [10 mM phosphate buffer, pH 7.215 mM EDTAlO.5 M NaClIO.l% (v/v) Triton X-I00/1 mM PMSF] containing 0.6-g .zirconia glass beads (0.45 /Lm). This was lysed by 10 I-min bursts ofvortexing at maximuin speed, with chilling on ice for 1-2 min between bursts. The lysate was clarified and recombinant HBsAg determined using a particlespecific ELISA kit (Hepanostika, see below). For the estimation of the total amount of HBsAg by quantitative Western blot assay, 0.5 ml of 2x SDS sample buffer (8% SDS, 65% ,B-ME, 1 M DTT, pH 6.8, Ref. 24) was added to the suspension (without removal of the lysate), vortexed again, and boiled for 15 min. This was centrifuged at maximum speed in a microfuge for 10 min at room temperature prior to Western analysis.
Quantitative Western Blot Assay
After appropriate dilution with IX SDS sample disruption buffer, 5-15 /Ll of the total extract prepared as described above was loaded onto a SDS-15% polyacrylamide gel. Purified recombinant HBsAg (100-500 ng) was also loaded' in parallel as a standard. After electrophoresis, the proteins were transferred to a nitrocellulose membrane. HBsAg was detected with HBsAg monoclonal antibody and anti-mouse alkaline phosphatase antibody, using BCIPINBT as a substrate. The quantity of total HBsAg protein in an extracted sample was determined by comparing the signal present in lanes with extract to that present in lanes containing known quantity of purified HBsAg. The band dellsity was evaluated by densitometric scanning using Kodak Digital Science software and values given in pixel units were used for calculation. The samples, which were analyzed by particle-specific ELISA and protein-specific Western blot analysis, showed close agreement between the values obtained by these assays.
Quantitative ELISA for Soluble HBsAg
. , '" The concentration of soluble HBsAg in Pichia c,~ll extracts was determined using a quantitative Hepanostika microELISA system specific for HBsAg particles, purchased from Organon 'lreknika (The N etherlands). The clarified extracts were diluted 500-fold with a buffer containing 1% horse serum as a carrier. Aliquots ranging from 10 to 100 ILl were assayed as per the manufacturer's protocol. To construct a reference curve, a dilution series containing 0-10 ng of HBsAg standard (a gift from hepatitis B vaccine manufacturer) was included in each assay.
Southern Analysis
Genomic DNA was prepared from 5-to 10-ml cultures of the various Pichia transformants expressing HBsAg using our modification. of the standard protocols (Easy-DNA kit, Invitrogen Co., Carlsbad, CA). Briefly, the washed cell pellet was incubated with zymolase to generate spheroplasts. These were then lysed with SDS and deproteinized. The genomic DNA was then recovered by precipi.tation with isopropanol. Equal quantities of genomic DNAs from differep.t Pichia transformants were digested with BamHI and BglII and run on a 0.8% agarose gel. The separated fragments were transferred to Biodyne A nylon membrane and probed with a 0.7-kb HBsAg fragment that had been radiolabeled with [a_ 32 P]dCTP using a commercially available nick-translation kit (GIBCO-BRL). Following hybridization, the HBsAg containing bands were visualized by autoradiography. The copy number was established by the size of the integrated expression cassette.
Northern Analysis
Ten-milliliter cultures of Pichia transformants were grown in the presence of 1% glycerol to a cell density corresponding to an absorbance of -2 at 600 nm. Induction was carried out by replacing the glycerol-containing medium with 1% methanol-containing medium. At 8 h postinduction cells were harvested for RNA isolation. Total RNA was prepared using the RNeasy midi kit (Qiagen). Fifty micrograms of each RNA sample was loaded on a 1.2% agarose gel containing 6% formaldehyde, transferred onto a nylon mem-brane, and probed with the same a-32 P-Iabeled HBsAg fragment used for Southern blotting. The intensity of the bands generated by various clones was estimated by densitometric scanning of the autoradiograph using Kodak Digital Science software.
· Cesium Chloride Gradient Analysis of HBsAg Particles
Soluble cell extracts corresponding to about 10-15 absorbance units of Pichi a cells were prepared at 8 h postinduction as des<iribed above. Appropriate dilutions (100 p.l)were layered on 4 ml of 20% CsCI in 50 mM Tris-HCl (pH V» and centrifuged in a Beckman SW60 rotor at 45,000 rpm for 16-18 h at 18-20°C. · After the spin, the centrifuge tube was punctured at · the bottom and 0.5-ml fractions of the gradient were ,collected. These fractions were analyzed for the presence of 22-nm HBsAg particles using the particle specific ELISA kit described above.
RESULTS
Construction of Pichia Expression Vectors Containing One to Eight Copies of the HBsAg Expression Cassette and Transformation of Pichia pastoris GSl15
The strategy adopted to generate a series of HBsAg -expression vectors containing progressively increasing copies ofthe expression cassette is shown in Fig. I . An HBsAg expression cassette was first created by inserting the HBsAg gene (-0.7 kb) into the unique EcoRI site ofpA0815 which lies in between the promoter and transcription termination regulatory elements. This cassette was excised as a 2-kb BglII-BamHI fragment and reinserted into the BamHI site of the same plas·mid to create a tandem head-to-tail repeat of two copies. Sequential repetition of this process generated vectors containing up to eight copies of the HBsAg expression cassette. Restriction analysis of the resultant clones identified pA0815 derivatives containing one, two, three, four, six, and eight copies of the HBsAg expression cassette(s). All these cloning steps were done in E. coli DH5a. Constructs containing more than eight copies of the HBsAg expression cassettes could not be made due to their instability in E. coli.
N ext, the HBsAg expression plasmids described above were transformed into P. pastoris host strain GS115 that is a histidine requiring auxotroph. It has an intact AOXI gene and is capable of utilizing methanol efficiently (Mut+ phenotype). It has been shown that deletion of this gene impairs the ability to utilize methanol efficiently (Mut" phenotype) (25) . Single and multicopy HBsAg expression cassette(s) were integrated into the Pichia genome in the AOXI locus with simultaneous elimination of the AOXl coding sequences using a transplacement strategy. In this approach, the HBsAg expression plasmids were digested with BglII prior to transformation. As can be seen from Fig. 1 , BglII digestion will release a DNA fragment in which the HBsAg expression cassette(s) and the HIS4 selection marker are flanked by sequences homologous to the 5' and 3' ends of the AOXI locus. Such a DNA fragment will be targeted for integration at the AOXI locus by a double recombination event at the 5' and 3' homologous regions with concomitant removal of the. AOXI gene. Thus, transformation will lead to the acquisition of the wild-type HIS4 marker and the Mut" phenotype. Transformants were selected on minimal plates lacking histidine and their Mut phenotype determined, as Mut 8 is a phenotypic indicator of integration at the AOXllocus by gene replacement. The presence of the HBsAg insert in these HIS+Mut" transformants was verified by PCR analysis using HBsAg-specific primers (data not shown).
HBsAg Message and Protein LerJels Closely Parallel
Copy Number Positive Pichia clones, identified as described above were analyzed by Southern hybridization to determine the number of HBsAg expression cassettes integrated into their genome. The strategy "USed for the sequential multimerization of the HBsAg expression cassette (5' BglII-3' BamHI) involves ligation of the BamHI overhang of one expression cassette to the BglII overhang of the next expression cassette with concomitant destruction of both restriction sites at the fusion junction. Thus, digestion of the resultant constructs with BglII and BamHI generates HBsAg containing fragments, in which size correlates with the number of tandem re-. peats they contain. Indeed, this is borne out by the Southern analysis presented in Fig. 2 . The first and last lanes in this figure depict marker ladders generated by BglIIIBamHI double digestion of a mixture of plasmid expression vectors harboring one, two, three, four, six, and eight copies of the HBsAg expression cassette(s).Upon Southern hybridization, these two lanes displayed the corresponding bands of sizes 2, 4, 6, 8, 12, and 16 kb, respectively. The lanes in between represent Southern analysis of genomic DNA isolated from the different Pichia transfonnants. All these integrants displayed the predicted Mut" phenotype (data not shown). The data show the successful integration of one, two, three, four, six, and eight copies of the HBsAg expression cassette(s) into the Pichia genome.
An increase in the number of expression cassettes would be expected to result in the production of higher levels of heterologous mRNA. To check if this is indeed the case, the Pichia clones containing one to eight copies of the HBsAg expression cassette were analyzed for the expression ofHBsAg mRNA following methanol Step 2 induction by Northern hybridization. All clones te'st~d expressed the message of the predicted size, as shown in Fig. 3 . Figure 3 depicts the Northern blot. Quantitation ofthe blot is shown in Fig. 3 . The data show that increase in HBsAg gene copy number is accompanied by a corresponding increase in the steady-state levels of HBsAg-specific mRNA. Further, each expression cassette, in the multi copy integrants contributes equally to the overall levels ofHBsAg mRNA (Fig. 3B) .
To address if the increase in steady state levels of HBsAg mRNA observed above translates to elevated levels of HBsAg, we determined the total HBsAg production by the various Pichia clones following methanol induction using a quantitative Western blot assay. Figure 4 shows the levels of HBsAg protein expressed as a function of copy number (determined at 8 h postinduction). The data demonstrate a direct correlation between copy number and the levels of HBsAg expressed by the Pichia transformants. Levels of HBsAg expressed per expression cassette varied within a twofold range for the different clones, indicating that each expression cassette contributes more or less equally to FIG. 1. In vitro multimerization strategy for the construction ofvec· tors with increasing copies of the HBsAg expression cassette. The HB· sAg gene (0.7 kb) was inserted into the Pichi.a plasmid pA08I5 at the unique EcoRI site in the sense orientation to create a single copy vector (Step 1). Excision of the expression cassette (shown at the bottom) as a BglII-BamHI fragment (2.0 kb), followed by insertion into the unique Bamlfl site of the same plasmid resulted in the generation ofa vector with two direct repeats of the expression cassette (Step 2). Sequential repetition of this process gave rise to vectors containing up to eight tandem copies of the expression cassette. ,the overall expression levels of HBsAg protein. Fold .stimulation in the levels of mRNA and protein calcu-.lated from the data presented in Figs. 3 and 4 are ,summarized in Table 1 . In addition, the table also shows the increase in the levels of soluble HBsAg (deermined using particle-specific ELISA) in response to copy number. Comparison of "total" and "soluble" HBsAg shows the fold stimulation to be much more pronounced in the case of the former. The lesser degree of fold-enhancement seen for soluble HBsAg is attributable to incomplete lysis (based on light microscopy) despite zymolase pretreatment prior to glass bead lysis, unoptimized extraction conditions, and membrane association. Based on the data, it appears that the ·membrane-associated HBsAg fraction appears to increase with copy number. The data clearly show that HBsAg mRNA and HBsAg protein levels closely parab leI gene dosage. 
~OO~-----------------------------
The Single and Multicopy Pichia Integrants Generate the Particulate Form of HBsAg
It is well established that recombinant HBsAg polypeptide must assemble into particulate structures of -20-22 nm in order to serve as an efficient immunogen (4). Soluble cell extracts were prepared at different time points after induction of the single-copy clone and analyzed by ELISA using a particle-specific antibody. 
Hours post-induction FIG. 5. Kinetics ofHBsAg particle formation in Pichia. Soluble cell extractS were prepared at 4, 8, and 12 h following methanol induction of the single-copy Pichia clone. The levels of HBsAg were d.etermined using particle-specific ELISA. Quantitation was done usmg a reference curve generated with a HBsAg standard.
The kinetics of HBsAg particle formation is shown in Fig. 5 . It is evident from these data that I?articl~s are indeed formed, starting as early as 4 h postmductIon .. It is likely that increased copy number may result m overproduction of HBsAg at levels that exceed the limits of the particle assembly process. One may then expect mixtures of monomeric and particulate forms of HBsAg. from multicopy integrants with the relative . proportion of the particulate form decreasing with increasing copy number. To address this issue, soluble cell extracts prepared from the single-and eight-copy integrants after methanol induction were fractionated on a CsCI gradient. Analysis of the gradient fractions with a particle-specific antibody revealed a peak close to the bottom of the gradient. The data are shown in Fig. 6 . Analysis of this particulate fraction and the fractions from the top of the gradient, using a monoclonal antibody that recognizes linear epitopes in a Western blot did not reveal the presence of any monomeric form of HBsAg (inset A). Fraction 2 (bottom) indeed contained the characteristic 20-to 22-nm particles as evidenced by electron microscopy (inset B). The available data suggest that virtually all of the HBsAg is expressed in particulate form in both the single and multicopy Pichia hosts.
The Integrated HBsAg Expression Cassettes in Pichia Are Stable and Functional
During fermentation of Pichia for the production of recombinant proteins, the time required to achieve peak product concentrations is usually very long. Typically, this takes 150-200 h after initiation of the induction phase because of the low metabolic activity of the Mute host (26, 27) . It is important to ascertain if the expression cassettes in our Pichia tra~sformants would remain stably integrated and contmue to express HBsAg during the course of such prolonged methanol inductioh. To this. end, a time-course study was done. After the routine growth phase, methanol induction was initiated and maintained for 6 days. Stability and expression levels were monitored .at periodic intervals during the course of the 6-day mduction.
Stability was examined by Southern analysis for the continued presence of the HBsAg expression cassettes using genomic DNA prepared from aliquots of the culture withdrawn on a daily basis during the entire course of this experiment. The results obtained using the eight-copy Pichia clone are shown in Fig. 7 . The predicted 16-kb DNA fragment, containing eight headto-tail repeats of the HBsAg expression cassette, could be identified in this experiment consistent with the results for the eight-copy clone in Fig. 2 . While the Southern data support the notion that no gross changes had taken place in this clone, the experiment does not reveal ifit may have acquired point mutations and consequent loss in its expression potential. To examine this possibility, a sample of the culture at the end of the 6-day induction experiment was spread onto an agar plate to obtain single colonies. Quantitat~,:,e Western blot analysis of cultures from 10 such colom~s in a standard induction experiment (as .in Fig. 4) .q~ vealed the production of high levels ofHBsAg, similar to the original clone (data not shown). It is importantto ascertain if the increase in HBsAg levels in response to increased gene dosage observed within a few hours ?f induction (see Fig. 4 ) would be sustained over several days of induction. Pichia integrants harbo~g one, four, and eight copies of the HBsAg expre~slOn cassettees) were carried through a 6-day induction experiment. Total HBsAg levels determined at regular intervals during the course of this experiment are profiled in Fig. 8 . It is evident from the data that the positive effects of copy number on total HBsAg e~res sion levels is maintained throughout the duration of the induction. Further, there is progressive accumulation of the product with time, attesting to the corit~ ued functional status of the integrated HBsAg expression cassettes.
DISCUSSION
Pichia pastoris offers an excellent eukaryotic e~pres sion system for inexpensive, .large-~cale ~roductIon .of functional recombinant protems. It IS partIcularly SUItable for the generation of recombinant HBsAg in particulate form (9-11), a property essential for its immunogenicity (4). Studies on Pichia-bas~d heter~logous protein expression have shown that an mcrease m copy , VASSILEVA ET AL. ~llmd eight-copy (e) Pichia clones -8 h after methanol induction and subjected to sedimentation in a CsCI gradient. The presence ,(of particulate form of HBsAg in the gradient fractions was detected using particle-specific ELISA. Inset A shows an immunoblot _-in dot format performed with fractions 2 (bottom) and 9 (top) ,of the eight-copy clone. The CsCI gradient buffer was also spotted, in ,'parallel,as a negative control. The HBsAg antibody used is the linear epitope-specific monoclonal described in the text. Inset B shows . "HBsAg particles (from fraction 2) visualized by electron microscopy after negative staining with uranyl acetate. The scale is equivalent <to 100 nm.
V(
~"'number of the foreign gene does not always lead to -enhanced recombinant protein yields (21) . This makes 'J it necessary to determine the precise influence of gene "dosage on final protein expression levels on an individ-'::'ual basis. With the goal of fully exploiting the expres-"sion potential of the Pichia system for the production of ~recombinant HBsAg, we investigated systematically :the influence of gene dosage on the recombinant protein expression levels. A series of Pichia transformants carrying progressively increasing copies of the HBsAg gene was created. This was done by a gene replacement \,approach, wherein the HBsAg expression cassette(s) was inserted into the AOXI locus of the host genome c with simultaneous elimination of the AOXI gene. This ! strategy has two important consequences. One is that IJ it ensures stability of the HBsAg expression cassette by integration into the host genome and the other is that l' it facilitates the assembly of HBsAg into particles. ,',Deletion of the AOXI gene confers the Mut 8 phenotype, .f which is characterized by slow growth in methanol containing medium (25) . It has been shown that a . ~slower growth rate of the host strain is conducive to HBsAg particle assembly in Pichia (17) . The Pichia dones generated for this study were analyzed in shakeflask cultures. There may be a concern that expression levels seen in shake-flask cultures may not reliably reflect the levels expected from fermentor cultures. However, Barr et ai. (23) have developed small-scale shake-flask culture· conditions that result in product levels more closely resembling fermentor yields. Cregg et ai. (17) scaled up the HBsAg production process in volume and density from shake-flask culture of 100 ml (1.5 OD 600 ) to fermentor cultures of 240 L (-170 OD 600 ) without loss of specific productivity. As we employed shake-flask culture conditions (medium buffering adequate for culture density, optimal buffer pH to minimize proteolytic degradation and sufficient aeration) akin to those suggested by Barr et ai. (23) , the current study should be relevant from the perspective of fermentor cultures as well. We observed that extraction of the soluble HBsAg from methanol induced P. pastoris cells, using a vortex mixer and glass beads system, is inefficient and highly variable. This problem could be rectified to a certain extent by the use of zymolase prior to glass bead lysis. Moreover, HBsAg particles tend to associate with the membrane fraction, and their release is dependent on the volume and composition of the lysis buffer used. This problem was more apparent with multicopy integrants. However, boiling (15 min) of the glass bead lysed cells with equal volume of 2X SDS sample buffer (containing 8% SDS, 65% f3-ME, 1 M D'IT, pH 6.8) results in the quantitative recovery of the HBsAg protein from the membrane fraction (24) . In view of this, we analyzed expression levels in total cell extracts using a quantitativeimmunoblot assay, as this would then reflect the effect of gene copy number on the overall protein expression levels a.ccurately. However, it is difficult to ascertain between truly soluble and membrane associated surface antigen by this assay. The results of our study demonstrate that increase in copy number of the HBsAg expression cassette leads to a corresponding increase in mRNA levels, which in turn result in increased expression of the HBsAg polypeptide. Although with higher expression levels· the product accumulates in the membranous fraction, it can be partially solubilized with the help of a zwitterionic detergent such as Chaps (0.5%) and 4 M urea. The product remains soluble even after the removal of the detergent and the urea. However, a large amount of the HBsAg still remains with the pellet fraction (our unpublished data). It is yet not clear if it is due to incomplete lysis or unoptimized extraction conditions. The possibility also exists that cells induced with methanol as the only carbon source undergo stress and under these conditions may deposit higher levels of heterologous proteins in the membrane fraction. An alternate methanol-independent expression strategy based on the recently cloned glyceraldehyde-3-phosphate dehydrogenase promoter (28) may be explored to address this possibility.
Consistent with the integration strategy employecd, the HBsAg expressing Pichia transformants displayed the Mut B phenotype. As reported by Cregg et ai. (17) , the reduced growth rates of the Mut B hosts facilitated very efficient assembly of the expressed HBsAg into the characteristic particles. The noteworthy observation here is that there is no evidence of the presence of monomeric HBsAg in cell extracts of the eight-copy clone. This suggests that the Mut B host is capable of assembling all of the HBsAg produced by the eightcopy insert quite efficiently. Finally, our studies also revealed continued physical and functional integrity of the HBsAg expression cassette during the course of an extended induction phase spanning 6 days. In conclusion, the increase in HBsAg gene copy number leads to higher protein expression levels, which may significantly cut the production cost of hepatitis B vaccin~.'
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